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LIGHT EMITTING PACKAGES AND
METHODS OF MAKING SAME

BACKGROUND

[0001] The following relates to the lighting arts, and to
light emitting packages based on one or more light emitting
chips and to methods for making same.

[0002] Light emitting packages based on light emitting
chips, such as semiconductor light emitting diode chips,
organic light emitting diode chips, semiconductor laser
chips, and so forth, are increasingly used for illumination.
Each chip typically produces radiation that 1s saturated light
at a single color point, such as red light, green light, blue
light, or so forth, or violet or ultraviolet light over a narrow
spectral range. It 1s known to operatively couple the chip
with a wavelength converting phosphor so as to produce a
desired light output such as an approximate white light
output. Additionally, the chip typically emits incoherent and
unfocused radiation. (An exception are laser diode chips,
which may produce coherent and directional radiation.) It 1s
turther known to couple the LED (optionally coated with
phosphor) with a focusing lens. For example, the lens may
be a molded encapsulant shaped into a desired lensing
configuration, or may be a separately fabricated “microlens™
that 1s positioned over and 1n optical communication with
the chip. Still further, 1n view of the limited light output
provided by a single chip, 1t 1s known to use an array or
combination of chips.

[0003] Existing light emitting packages have been less
than fully satisfactory. Soft molded encapsulants, for
example, are typically prone to damage due to abrasion,
exposure to corrosive chemicals, or so forth. Separately
fabricated microlenses can be more robust, but require
careful placement over the chip. Moreover, for 1llumination
it 1s typically not desired to focus the light.

[0004] Multiple chip packages provide greater 1llumina-
tion, but generally increase package complexity. Some
example multiple chip packages are disclosed 1n Lowery,
U.S. Pat. No. 6,504,301, which shows various arrangements
involving generally wire-bonded interconnection of a plu-
rality of light emitting dice disposed on a support placed in
a housing including a cylindrical casing and a fluorescent
plate. Other example multiple chip packages are disclosed in
Baretz et al., U.S. Pat. No. 6,660,175. Baretz discloses a
phosphor contained 1n an encapsulant disposed inside the
housing, The complexity of multiple chip packages such as
those of Lowery and Baretz can adversely impact manufac-
turability, reliability, and manufacturing costs.

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0005] application Ser. No. 10/831,862 filed Apr. 26, 2004
and published as US 2005-0239227 Al, and international
application no. PCT/US2003/027363 filed Aug. 29, 2003
and published as WO 2004/021461 A2, each relate at least
to various aspects of light emitting packages some of which
include arrangements of remote phosphors. In some
example embodiments illustrated in these applications, one
or more light emitting chips are disposed on a board, such
as a printed circuit board, and are covered by a dome-shaped
glass shell or other light-transmissive shell. A remote phos-
phor 1s disposed on or embedded 1n the shell. An encapsulant
1s 1njected into the interior volume defined by the joined
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board and dome-shaped shell so as to at least substantially
{11l the shell. In operation, radiation generated by the one or
more light emitting chips couples with the remote phosphor
disposed on or in the shell, and the remote phosphor
converts the radiation to converted light with desired spec-
tral characteristics. For example, in some embodiments
described 1n these applications the chip or chips emit ultra-
violet or violet radiation, and the remote phosphor converts
the radiation to visible light that approximates white light.

[0006] This application incorporates by reference the
entire content of application Ser. No. 10/831,862 filed Apr.
26, 2004 and published as US 2005-0239227 Al. This
application further incorporates by reference the entire con-
tent of International application no. PCT/US2003/027363
filed Aug. 29, 2003 and published as WO 2004/021461 A2.

BRIEF SUMMARY

[0007] According to one aspect, a light emitting package
1s disclosed. At least one light emitting chip 1s supported by
a board. A light transmissive encapsulant 1s disposed over
the at least one light emitting chip and over a footprint area
of the board. A light transmissive generally conformal shell
1s disposed over the light transmissive encapsulant and has
an inner surface spaced apart by an air gap from and
generally conformal with an outer surface of the light
transmissive encapsulant. At least one phosphor 1s disposed
on or embedded in the conformal shell and 1s configured to
output converted light responsive to wrradiation by the at
least one light emitting chip.

[0008] According to another aspect, a light emitting pack-
age 1s disclosed. At least one light emitting chip 1s supported
by a board. A generally dome-shaped light transmissive
encapsulant 1s disposed over the at least one light emitting
chip and over a generally elliptical or circular footprint area
of the board that extends at least two millimeters beyond an
outermost edge of the at least one light emitting chap.

[0009] According to another aspect, a lighting package 1s
disclosed. One or more light emitting chips are configured to
collectively generate at least about the one watt of optical
output power. A board supports the one or more light
emitting chips. A light transmissive encapsulant 1s disposed
over the one or more light emitting chips and over a footprint
area ol the board. At least one remote phosphor 1s disposed
in a phosphor layer region located remote from the one or
more light emitting chips and proximate to an outer surface
of the light transmissive encapsulant. The remote phosphor
1s configured to output converted light responsive to irra-
diation by the one or more light emitting chips. A heat
sinking component 1n thermal communication with substan-
tially all of the phosphor layer region comprises a material
having a thermal conductivity that 1s higher than 0.3 W/(m.
K).

[0010] According to another aspect, a method of manu-
facturing a light emitting package 1s disclosed. At least one
light emitting chip 1s secured to a board. A light transmissive
encapsulant 1s disposed over the at least one light emitting
chip and over a footprint portion of the board. A light
transmissive generally conformal shell 1s disposed over the
light transmissive encapsulant. The disposed conformal
shell has an 1nner surface spaced apart by an air gap from
and generally conformal with an outer surface of the light
transmissive encapsulant. At least one phosphor 1s disposed
on or embedded in the conformal shell. The at least one
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phosphor 1s configured to output converted light responsive
to wrracdiation by the at least one light emitting chip.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The mvention may take form 1n various compo-
nents and arrangements of components, and 1n various
process operations and arrangements of process operations.
The drawings are only for purposes of illustrating preferred
embodiments and are not to be construed as limiting the
invention. The light emitting packages of FIGS. 1-3 are not
drawn to scale or proportion.

[0012] FIG. 1 shows a perspective view of a lighting
package.
[0013] FIG. 2 shows a perspective view ol the light

emitting package of FIG. 1, with the light-transmissive
encapsulant and conformal shell removed.

[0014] FIG. 3 shows a side-sectional view of the light

emitting package of FIG. 1 taken along a Section S-S
indicated i FIGS. 1 and 2.

[0015] FIG. 4 diagrams an example process for manufac-
turing the light emitting package of FIGS. 1-3.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0016] With reference to FIGS. 1-3, a light emitting pack-
age 8 includes a board 10, such as a printed circuit board,
metal-core printed circuit board, isulated heat-sinking,
board, or so forth on which a plurality of light emitting dice
or chips 12, 14, 16, 18 are disposed. The board 10 1is
preferably substantially thermally conductive. For example,
a metal core printed circuit board can be employed. In the
illustrated embodiment, four light emitting dice or chips 12,
14, 16, 18 are disposed on the board 10; however, the
number of dice or chips can be one, two, three, four, five, or
more. The chips 12, 14, 16, 18 can be group IlI-mitride blue,
violet, or ultraviolet light emitting diode chips, red group
[1I-phosphide or group Ill-arsenide light emitting diode
chups, II-VI light emitting diode chips, IV-VI light emitting
diode chips, silicon or silicon-germanium light emitting
diode chips, or the like. Although semiconductor light
emitting diode chips 12, 14, 16, 18 are 1llustrated herein, 1n
other contemplated embodiments the chip or chips may be
edge emitting laser chips or vertical cavity surface emitting
laser (VCSEL) chips, organic light emitting diode chips, or
so forth. Each illustrated light emitting chup 12, 14, 16, 18
1s a bare chip without individual encapsulant. Alternatively,
cach chip can be separately encapsulated. Still further, the
chip or chips can include a monolithic array of light emitting
diode mesas, a monolithic array of vertical cavity surface
emitting laser mesas, or the like. Although the illustrated
example four light emitting chips 12, 14, 16, 18 are of the
same kind (for example, all four being violet or ultraviolet
emitting light emitting diode chips), 1n other embodiments
two or more different kinds of chips may be used. For
example, a combination of red, green, and blue chips can be
used to collectively approximate white light.

[0017] The light emitting chips 12, 14, 16, 18 may be
attached to the board 10 in various ways. In the 1llustrated
embodiment, the board 10 1s a metal core printed circuit
board including (see FIG. 3) a copper plate 20 or other metal
core and a printed circuitry layer 22 sandwiched between
dielectric layers 24. Optionally, an additional insulation
layer (not shown) may be disposed over the backside of the
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metal core layer 20. Moreover, it 1s contemplated to include
two or more separate and distinct printed circuitry layers.
The chips 12, 14, 16, 18 are flip-chip bonded to bonding
pads that electrically connect with the printed circuitry layer
22 of the board 10. Such tlip-chip bonding provides both
mechanical securing of the chups 12, 14, 16, 18 to the board
10 and electrical input paths for electrically powering the
chups 12, 14, 16, 18. For example, a connector 26 disposed
on the board 10 suitably enables electrical power coupling to
the board 10 to power the chips 12, 14, 16, 18 via the printed
circuitry layer 22.

[0018] The chips 12, 14, 16, 18 may be lateral chips
having both n- and p-electrodes on the same side of the chip
and contacting the board 10 by flip chip bonds. In other
embodiments, the chips 12, 14, 16, 18 are vertical chips with
clectrodes are on opposite sides of the chip, and one elec-
trode 1s soldered or tlip-chip bonded to a bonding pad of the
board 10 while another electrode on an opposite side of the
chip 1s contacted by wire bonding. In other embodiments,
the chip can include two electrodes both contacted by wire
bonding, and the chip soldered to the board to provide
mechanical attachment to the board. Although not illus-
trated, the chips may be disposed in reflective wells, on
raised pedestals, on sub-mounts, or so forth. The board 10
optionally supports other components (not shown) opera-
tively connected via the printed circuitry layer 22 or by wire
bonding or the like with the light emitting chips 12, 14, 16,
18. For example, the board 10 may support a Zener diode to
provide electrostatic discharge protection, power regulating
circuitry, voltage stabilizing circuitry, current-limiting cir-
cuitry, rectifying circuitry, or so forth.

[0019] A light-transmissive encapsulant 30 (shown 1n FIG.
3) 1s disposed over the light emitting chips 12, 14, 16, 18 and
over a footprint area 32 (indicated by a dashed line 1n FIG.
2) of the board. The 1llustrated encapsulant 30 1s generally
dome-shaped and the footprint 32 1s a generally elliptical or
circular area. More precisely, the 1llustrated encapsulant 30
1s hemispherically shaped and the footprint 32 1s generally
circular with a radius equal to the radius of the hemispherical
encapsulant 30; however, a dome-shaped encapsulant that 1s
flattened, of elliptical cross-section, or otherwise deviates
from hemispherical 1s also contemplated. For the 1llustrated
hemispherically shaped encapsulant 30 with the centroid of
the light emitting chips 12, 14, 16, 18 positioned at about the
center of the circular footprint 32, symmetry provides that
the encapsulant 30 does not substantially distort the angular
distribution of emitted light. The encapsulant 30 1s a solid
encapsulant that seals the chips 12, 14, 16, 18, and has an
exposed outer surface 34 that 1n the illustrated embodiment
1s a hemispherical surface since the illustrated example
encapsulant 30 1s hemispherically shaped. The encapsulant
30 may, for example, be a silicone or epoxy encapsulant.

[0020] A light transmissive generally conformal cover or
shell 40 1s disposed over the light transmissive encapsulant
30, and 1s attached to the board 10 along a perimeter 42 by
silicone adhesive or another adhesive, or by a mating groove
(not shown) formed into the surface of the board 10, or by
another securing mechanism or combination ol securing
mechamisms. The conformal shell 40 has an 1nner surface 44
that 1s generally conformal with the outer surface 34 of the
light transmissive encapsulant 30. Moreover, the inner sur-
face 44 of the conformal shell 40 1s spaced apart from the
outer surface 34 of the encapsulant 30 by an air gap G

indicated in FIGS. 2 and 3. The conformal shell 40 may, for
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example, be a glass or quartz conformal shell, or may be a
plastic, Teflon, epoxy, EVA, acrylic, or other organic mate-
rial shell.

[0021] In some embodiments, a remote phosphor 50 1s
disposed 1n a phosphor layer region located remote from the
light emitting chips 12, 14, 16, 18 and proximate to the outer
surface 34 of the light-transmissive encapsulant 30. For
example, the phosphor may be disposed on or embedded 1n
the conformal shell 40. In the illustrated embodiment, the

phosphor 50 1s disposed on the mnner surface 44 of the
conformal shell 40 (phosphor 50 indicated 1n FIG. 3 by a
dashed line); however, the phosphor may be disposed on the
outside of the conformal shell 40, or embedded i1n the
material of the conformal shell 40. It 1s also contemplated to
dispose the phosphor on the outer surface 34 of the light-
transmissive encapsulant 30. The phosphor 50 1s configured
to output converted light responsive to irradiation by the
light emitting chips 12, 14, 16, 18. If provided, the phosphor
50 1s selected to produce a desired wavelength conversion of
a portion or substantially all of the radiation produced by the
light emitting dice or chips 12, 14, 16, 18. The term
“phosphor” 1s to be understood as including a single phos-
phor compound or a phosphor blend or composition of two
or more phosphor compounds chosen to produce a selected
wavelength conversion, as known in the art. For example,
the phosphor 50 may be a phosphor composition including,
yellow, green, and blue emitting phosphor compounds that
cooperatively provide white or substantially white light.
This white or substantially white light may, for instance,
may possess an X value i the range of about 0.30 to about
0.535, and a y value in the range of about 0.30 to about 0.55
in the 1931 CIE chromaticity diagram. In some embodi-
ments, the phosphor 50 can also have an optional red
emitting compound for better color rendering. In some
embodiments, the light emitting dice or chips 12, 14, 16, 18
are group Ill-nitride light emitting diode chips that emuit
violet or ultraviolet radiation principally at wavelengths less
than 4235 nanometers, and the phosphor 50 converts most or
all of the light generated by the chips 12, 14, 16, 18 into
white or substantially white light. For white output, the
phosphor and light emitting chip are selected to provide a
suitable color temperature and color rendering of the lamp.
In some embodiments, the light emitting dice or chips 12,
14,16, 18 are group IlI-nitride light emitting diode chips that
emit blue or bluish radiation, and the phosphor 50 1s a
yellowish phosphor that converts only some of the blue or
bluish radiation to yellowish light. The ratio of direct
(unconverted) bluish light and converted yellowish light 1s
selected to approximate white light. Those skilled 1n the art
can readily select other phosphors suitable for performing
specific light conversions.

[0022] To promote light extraction, a reflective coating 60
(diagrammatically indicated 1n FIG. 2 by dot-shading of the
coated area) 1s optionally disposed over at least most of the
generally elliptical or circular footprint area 32 of the board
10. In the illustrated embodiment, the retlective coating 60
1s disposed over most of the area within the perimeter 42 of
the conformal shell 40. The reflective coating 60 1s reflective
tor radiation produced by the light emitting dice or chips 12,
14,16, 18, and 1s preferably thermally stable at temperatures
used 1n fabricating the light emitting package 8 and at
operating temperatures of the light emitting chips 12, 14, 16,

18.
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[0023] In some embodiments, the reflective coating 60 1s
made of legend ik of a type typically used for forming
printed markings, legends, or other labeling on printed
circuit boards. Such legend 1nk 1s typically white or yellow-
1sh, and provides high reflectivity for visible, violet, and near
ultraviolet radiation. Advantageously, when using legend
ink for the reflective coating 60 it 1s possible to form the
reflective coating 60 simultaneously with the formation of
printed markings, legends, or other labeling of the printed
circuit board 10. The same photolithography or other pat-
terning used to define the printed markings, legends or other
labeling suitably also defines the area of the legend ink
reflective coating 60.

[0024] With continuing reference to FIGS. 2 and 3, certain
dimensional aspects of the light emitting package 8 are
preferably selected to increase light extraction. When a
plurality of light emitting chips are used, 1t 1s advantageous
to have an inter-chip spacing (indicated as d_;,,, in FIGS. 2
and 3) of at least about one times a principal lateral dimen-
sion of a largest chip of the plurality of light emitting chips
12, 14, 16, 18. Inter-chip spacing of at least this size
substantially reduces radiation losses due to cross-chip
absorption of edge-emitted radiation. Moreover, having the
encapsulant 30 hemispherically shaped with the footprint
area 32 of the board generally circular with a radius about
equal to a radius of the hemispherical light transmissive
encapsulant 30 enhances spatial umiformity of the light
output. Still further, the extent d,,_,, of the encapsulant 30
beyond the outermost edge of the hght emlttlng Chlp or chips
12, 14, 16, 18 atflects radiation extraction efliciency for the
outer regions of the one or more chips. Denoting the
outermost edge of the plurality of light emitting chips 12, 14,
16, 18 by a diameter 62 (indicated by a dotted line 1 FIG.

2), having the encapsulant 30 extend a distance d,,.,,, that 1s
at least two millimeters beyond the outermost edge 62 of the
chups 12, 14, 16, 18 substantially promotes ethicient light

extraction efliciency.

[0025] In the illustrated embodiment, the air gap G 1s
present between the outer surface 34 of the encapsulant 30
and the spaced-apart inner surface 44 of the conformal shell
40. This air gap G advantageously provides a large tolerance
for relative positioning of the encapsulant 30 and conformal
shell 40, which enhances manufacturability of the light
emitting package 8. However, the air gap G also introduces
relatively large and abrupt refractive index transitions at the
outer surface 34 of the encapsulant 30 (where the refractive
index abruptly jumps downward from the refractive index of
the encapsulant material to the 1.00 refractive index of air)
and at the mner surface 44 of the contormal shell 40 (where
the refractive index abruptly jumps upward from the 1.00
refractive index of air to the refractive index of the material
of the conformal shell 40). Typically, such abrupt, large
refractive index transitions are avoided 1n the optical design
of light emitting packages, since they are expected to
produce light scattering that degrades the light extraction
ciliciency.

[0026] However, in the light emitting package 8 using
chips that emit radiation principally below 425 nanometers
in wavelength, the inventors have found that this air gap G
does not substantially degrade light extraction efliciency. To
verily this, devices were fabricated with the hemispherical
encapsulant 30 and the conformal hemispherical glass shell
40 with the phosphor 50 disposed on the mnner surface 44,
both with and without the air gap G. In some tested devices,
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the air gap G was at least about 0.5 millimeter, and was
typically about 1-2 millimeters. No significant diflerence in
performance was observed between devices with and with-
out the air gap. Based on these experiments, it 1s believed
that as long as there i1s suflicient volume of encapsulant
material around each die to provide suflicient encapsulation
(for example, enough hemispherical encapsulant 30 to
extend a distance d,,.,,, of at least two millimeters beyond
the outermost edge of the light emitting chip or chips 12, 14,
16, 18), the optical performance will be substantially inde-
pendent of whether the encapsulant fully fills the hemi-

spherical shell (that 1s, no air gap), or has the air gap G.

[0027] Without being limited to any particular theory of
operation, 1t 1s believed that good optical performance 1is
achieved 1n spite of the presence of the air gap G for at least
the following reason. The radiation emitted by the chips 12,
14, 16, 18 is principally below 425 nanometers 1n wave-
length, and exits the outer surface 32 of the dome-shaped
encapsulant 30 with substantial refraction. However, this
refraction 1s not problematic, because the exiting radiation
nonetheless interacts with the phosphor 50 that conformally
surrounds the outer surface 32 of the dome-shaped encap-
sulant 30. This interaction will occur regardless of the extent
of refraction at the outer surface 32. Once wavelength
conversion occurs due to the phosphor 50, the converted
light readily escapes the thin conformal shell 40 to be
emitted as extracted light. Accordingly, no substantial light
extraction loss 1s incurred by the presence of the air gap G
in the light emitting package 8.

[0028] With reference to FIG. 4, a suitable process for
manufacturing the light emitting package 8 1s described. A
legend 1nk source 100 provides legend 1n that 1s applied 1n
a process operation 102 to the board 10. In some embodi-
ments, the legend ink application process 102 includes a
photolithographic or other patterning operation to define the
legend 1nk reflective coating 60 as well as to simultaneously
define any printed markings, legends, or other labeling on
printed circuit board 10. The process operation 102 1s
suitably 1dentical to ordinary marking by legend ink, except
that the mask or other pattern-defining element includes the
additional reflective coating 60.

[0029] The light emitting chips 12, 14, 16, 18 are flip-chip
bonded to the board 10 1n a bonding process 104. Other
bonding processes can be used, as appropriate for the
configuration of the chips—ior example, wire bonding may
be incorporated into the bonding i1 the chips include one or
more front-side electrodes.

[0030] The dome-shaped light-transmissive encapsulant
30 1s formed over the chips 12, 14, 16, 18. In the process of
FIG. 4, an injection molding process 1s used. A mold
assembly 110 1s secured to the printed circuit board 10 1n a
process operation 112. The mold assembly 110 1s secured
such that the gap between the mold 110 and the board 10 1s
a sealed gap so that the footprint area 32 of the board 10 and
mold assembly 110 collectively define a hollow mold die for
forming the encapsulant 30. A flowable material 114 1s then
injected into the hollow mold die and cured or hardened 1n
the mold 1n an i1njection molding process 116. The curing
process may include passage of time, application of heat,
light exposure, or so forth. In some embodiments for form-
ing the encapsulant 30 of silicone, the flowable silicone
encapsulant precursor 1s 1njected nto the hollow mold die
and 1s cured for 15-45 minutes at a temperature of at least
100° C. The cured flowable material 1s rigid and non-
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flowable, and defines the encapsulant 30. After curing, the
mold assembly 110 1s removed from the printed circuit
board 10, leaving the hardened encapsulant 30 attached to
the footprint area 32 of the board 10. Advantageously, the
mold assembly 110 1s typically reusable.

[0031] With continuing reference to FIG. 4, a parallel
phosphor application process 122 1s performed before, after,
or concurrently with the process operations 102, 104, 112,
116, 118. A phosphor slurry 124 or other phosphor source 1s
applied to the iner surface 44 of the conformal shell 40. In
some embodiments, the phosphor slurry 124 employs a
flowable silicone base or matrix maternial in which the
phosphor particles are dispersed. The tlowable silicone base
or matrix material with dispersed phosphor 1s spray coated
onto the mner surface 44 of the conformal shell 40. Option-
ally, the thusly applied phosphor 50 1s then cured by time
passage, heating, light exposure, or so forth.

[0032] The phosphor-coated conformal shell 40 1s then
secured over the dome-shaped encapsulant 30 1n an adhesion
process 126 that in some embodiments employs a silicone
adhesive 128. Advantageously, the air gap G provides a large
tolerance for the mechanical positioning of the conformal
shell 40 over the dome-shaped encapsulant 30, which sim-
plifies manufacturing and increases yield. Additionally, the
air gap G accommodates the phosphor layer 50 when such
layer 1s disposed on the inner surface 44 of the conformal
shell 40 (or, alternatively, when the phosphor layer 1s
disposed on the outer surface of the encapsulant as in other
contemplated embodiments). Since in the manufacturing
process of FIG. 4 the conformal shell 40 1s not used as a
sealed hollow mold die for forming the encapsulant 30, the
attachment of the shell 40 along the perimeter 42 can be a
non-sealing attachment.

[0033] The manufacturing process of FIG. 4 has been
described respective to a single light emitting package 8.
However, 1t will be appreciated that the process 1s readily
scaled up by forming numerous such packages on a common
printed circuit board that 1s later broken up along pre-formed
fracture lines, or cut by mechanical sawing, or otherwise
separated. In such an approach, the mold assembly 110
suitably includes numerous hemispherical die elements for
simultaneously injection molding numerous dome-shaped
encapsulants 30 on the common printed circuit board. The
conformal shells 40 are suitably attached using an automated
step-and-apply mechanical jig, where again the air gap G
provides large mechanical tolerances that simplity the
adhering process 126 and increase its robustness.

[0034] Heretofore, 1t has generally been assumed that the
use of a remote phosphor (as opposed to a phosphor directly
coating the light emitting chips) 1s suflicient to address
heat-related degradation of the phosphor and neighboring
components. However, the inventors have found this 1s not
the case when high power light emitting chips are used in
devices having the configuration of FIGS. 1-3. Devices were
fabricated with the hemispherical encapsulant 30 and the
conformal hemispherical glass shell 40 with the phosphor 50
disposed on the mner surface 44, and with the air gap G.
After running such devices continuously for about one
week, heat-induced darkening of the devices was observed.
This was attributed to thermal degradation at or in the
vicinity of the remote phosphor 50.

[0035] Typically, phosphors performing wavelength con-
version generate heat by two principal mechanisms: Stokes’
heat from the wavelength down conversion, which 1s typi-
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cally about 20-23% of the incident radiometric power for
blue to violet light excitation; and heat from the quantum
“mmefliciency” (1-QE), which 1s typically 10-30% of the
incident radiometric power. Thus, up to about one-half or
more of the incident radiometric power may be converted to
heat by the phosphor due to operation of the driving light
emitting chips. The eflects of Stokes’ and quantum ineth-
ciency heating mechanisms can be alleviated by reducing
the incident radiometric tlux, such as by using a remote
phosphor arrangement. However, when the chip radiometric
power levels are sufhiciently high, the inventors’™ experi-
ments show that the host material containing the phosphor
50, or the conformal shell 40 1 proximity to the remote
phosphor 50, or other thermally sensitive material in prox-
imity to the remote phosphor, may undergo undesirable
thermal degradation over time. For example, when the one
or more light emitting chips collectively generate at least
about the one watt of optical output power, substantial
thermal degradation over time 1s expected. Such power
output can be produced, for example, by three light emitting
chips each generating about 0.3 watts of optical output
power for a collective optical output power of about 0.9
waltts.

[0036] Optionally, the thermal conductivity of the confor-
mal shell 40 1s enhanced to provide improved heat sinking,
for the phosphor 50. This can be done, for example, by
incorporating thermally a conductive filler material into the
conformal shell 40 such that the thermal conductivity of the
maternial of the shell 40 1s substantially increased without
substantially decreasing its translucency. It the air gap G 1s
sufliciently small (or 1s omitted entirely) such that the
phosphor 50 1s 1n sufliciently high thermal communication
with the encapsulant 30, then additionally or alternatively
the conductive filler material can be disposed in the encap-
sulant 30 to enhance thermal conductivity of the encapsulant
material to provide heat sinking of the phosphor 50.

[0037] Suitable thermally conductive f{iller maternals
include, for example: alumina, aluminum nitride, boron
nitride, zinc oxide, various metal oxides, nitrides or so forth.
To reduce undesirable light attenuation, the thermally con-
ductive filler material 1s advantageously a transparent or
translucent material, and comprising between about 5 wt-%
and about 60 wt-% (that 1s, weight-percent) of the host
material. Additionally or alternatively, light attenuation 1s
optionally reduced by using thermally conductive filler
material dispersed 1n the conformal shell 40 or other host in
the form of nanometer-sized particles, for example with
particle size less than 100 nm, in order to avoid light
attenuation. In some embodiments, the thermally conductive
filler material 1s added to provide a thermal conductivity of
the filled composite material that 1s higher than 0.3 W/(m.
K), for example as measured in accordance with test meth-
ods promulgated 1n standard ASTM D35470 (ASTM Inter-
national, West Conshohocken, Pa., USA). In some
embodiments, the thermally conductive filler material is
added to provide a thermal conductivity of the filled com-
posite material that 1s higher than 1 W/(m.K), for example
as measured according to the standard ASTM D5470. By
comparison, a typical value for optical silicone (without
added thermally conductive filler) 1s 0.1 W/(m.K), and for

potting compound a typical value 1s 0.25 W/(m.K).

[0038] Substantial thermal degradation was observed
experimentally for the configuration of FIGS. 1-3 that
included the air gap G. However, it 1s expected that similar
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thermal degradation will be observed with any remote
phosphor disposed on or dispersed in relatively thermally
insulating material prone to thermal degradation, such as
CpOXy resin.

[0039] The invention has been described with reference to
the preferred embodiments. Obviously, modifications and
alterations will occur to others upon reading and understand-
ing the preceding detailed description. It 1s intended that the
invention be construed as including all such modifications
and alterations insofar as they come within the scope of the
appended claims or the equivalents thereof.

[0040] The appended claims follow:

1. A lighting package comprising;:
at least one light emitting chip;
a board supporting the at least one light emitting chip;

a light-transmissive encapsulant disposed over the at least
one light emitting chip and over a footprint area of the

board;

a light-transmissive generally conformal shell disposed
over the light-transmissive encapsulant and having an
inner surface spaced apart by an air gap from and
generally conformal with an outer surface of the light-
transmissive encapsulant; and

at least one phosphor disposed on or embedded in the
conformal shell and configured to output converted
light responsive to irradiation by the at least one light
emitting chip.

2. The lighting package as set forth 1n claim 1, wherein the
light-transmissive encapsulant and conformal shell are gen-
erally dome-shaped and the footprint area of the board 1s
generally elliptical or circular.

3. The lighting package as set forth in claim 2, wherein the
light-transmissive encapsulant and conformal shell are gen-
crally hemispherical and the footprint area of the board 1s
generally circular with a radius about equal to a radius of the
hemispherical light-transmissive encapsulant.

4. The lighting package as set forth 1n claim 3, wherein the
generally circular footprint area of the board extends at least
two millimeters beyond an outermost edge of the at least one
light emitting chap.

5. The lighting package as set forth 1n claim 4, wherein the
at least one light emitting chip includes a plurality of light
emitting chips arranged on the board with an inter-chip
spacing of at least about one times a principal lateral
dimension of a largest chip of the plurality of light emitting
chips.

6. The lighting package as set forth in claim 3, wherein a
gap between the outer surface of the light-transmissive
encapsulant and the inner surface of the conformal shell 1s
at least about 0.5 millimeter.

7. The lighting package as set forth 1n claim 1, wherein the
at least one light emitting chip 1s configured to emit violet or
ultraviolet radiation and the phosphor 1s configured to con-
vert substantially all of the radiation emitted by the at least
one light emitting chip mto converted light 1n the visible
wavelength range.

8. The lighting package as set forth 1n claim 1, wherein the
at least one light emitting chip 1s configured to emit radiation
having a spectrum that 1s principally below 4235 nanometers
in wavelength, and the phosphor 1s configured to convert
substantially all of the radiation emitted by the at least one
light emitting chip into white or substantially white light.
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9. The lighting package as set forth 1n claim 1, wherein the
conformal shell 1s formed of a material having a thermal
conductivity that 1s higher than 0.3 W/(m.K).

10. The lighting package as set forth 1n claim 9, wherein
the conformal shell 1s formed of a material having a thermal
conductivity that 1s higher than 1 W/(m.K).

11. A lighting package comprising:

at least one light emitting chip;

a board supporting the at least one light emitting chip; and

a generally dome-shaped light-transmissive encapsulant
disposed over the at least one light emitting chip and
over a generally elliptical or circular footprint area of
the board that extends at least two millimeters beyond
an outermost edge of the at least one light emitting
chip.

12. The lighting package as set forth 1n claim 11, wherein
the at least one light emitting chip includes a plurality of
light emitting chips arranged on the board with an inter-chip
spacing ol at least about one times a principal lateral
dimension of a largest chip of the plurality of light emitting
chips.

13. The lighting package as set forth 1n claim 11, wherein
the light-transmissive encapsulant 1s generally hemispheri-
cal.

14. The lighting package as set forth in claim 11, further

comprising;

a phosphor disposed remotely from the at least one light
emitting chip in a dome-shaped phosphor layer region
that 1s generally conformal with an outer surface of the
generally dome-shaped light-transmissive encapsulant.

15. The lighting package as set forth in claim 14, further

comprising;

a thermally conductive filler material disposed in the
dome-shaped light-transmissive encapsulant, the dis-
posed thermally conductive filler material being eflec-
tive to enhance a thermal conductivity of the composite
encapsulant material to a value higher than 0.3 W/(m.
K).

16. The lighting package as set forth 1n claim 14, further

comprising;

a light-transmissive generally conformal shell disposed
over the generally dome-shaped light-transmissive
encapsulant, the conformal shell being made of a
different material from the matenal of the dome-shaped
light-transmissive encapsulant, the generally conformal
shell being generally conformal with the outer surface
of the light-transmissive encapsulant.

17. The lighting package as set forth in claim 16, wherein
the phosphor 1s disposed on or embedded in the light-
transmissive generally conformal shell.

18. The lighting package as set forth 1n claim 17, further
comprising;
a thermally conductive filler material disposed in the
light-transmissive generally conformal shell, the dis-
posed thermally conductive filler material being eflec-

tive to enhance a thermal conductivity of the composite
shell material to a value higher than 0.3 W/(m.K).

19. The lighting package as set forth in claim 14, wherein
the at least one light emitting chip 1s configured to emait
radiation having a spectrum that 1s principally below 4235
nanometers 1n wavelength, and the phosphor 1s configured to
convert the radiation emitted by the at least one light
emitting chip into visible light.
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20. The lighting package as set forth in claim 14, further
comprising;

a layer of legend 1nk disposed over at least most of the

generally elliptical or circular footprint area of the

board.

21. A lighting package comprising:;

one or more light emitting chips configured to collectively
generate at least about the one watt of optical output
power;

a board supporting the one or more light emitting chips;

a light-transmissive encapsulant disposed over the one or

more light emitting chips and over a footprint area of
the board; and

at least one remote phosphor disposed 1n a phosphor layer
region located remote from the one or more light
emitting chips and proximate to an outer surface of the
light-transmissive encapsulant, the remote phosphor
configured to output converted light responsive to
irradiation by the one or more light emitting chips;

wherein a heat-sinking component in thermal communi-
cation with substantially all of the phosphor layer

region comprises a material having a thermal conduc-
tivity that 1s higher than 0.3 W/(m.K).

22. The lighting package as set forth 1n claim 21, wherein
the heat-sinking component includes the light-transmissive
encapsulant, and the light-transmissive encapsulant com-
Prises:

a thermally conductive filler material disposed in the
light-transmissive generally conformal shell, the dis-
posed thermally conductive filler material being eflec-
tive to enhance a thermal conductivity of the composite
shell material to a value higher than 1 W/(m.K).

23. The lighting package as set forth in claim 21, further

comprising;

a generally conformal glass shell disposed over the light-
transmissive encapsulant wherein the heat-sinking
component 1n thermal communication with substan-
tially all of the phosphor layer region includes the
generally conformal glass shell, the generally confor-
mal glass shell comprising glass and a thermally con-
ductive filler material disposed 1n the glass to enhance

a thermal conductivity of the glass to a value higher
than 0.3 W/(m.K).

24. The lighting package as set forth in claim 21, wherein
the heat-sinking component 1n thermal communication with
substantially all of the phosphor layer region comprises
nanometer-sized thermally conductive filler particles with
particle size less than 100 nm.

25. A method for manufacturing a lighting package, the
method comprising:
securing at least one light emitting chip to a board;

disposing a light-transmissive encapsulant over the at
least one light emitting chip and over a footprint
portion of the board;

disposing a light-transmissive generally conformal shell
over the light-transmissive encapsulant, the disposed
conformal shell having an inner surface spaced apart by
an air gap from and generally conformal with an outer
surface of the light-transmissive encapsulant; and

disposing at least one phosphor on or embedded 1n the
conformal shell, the at least one phosphor being con-
figured to output converted light responsive to 1rradia-
tion by the at least one light emitting chip.
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26. The method as set forth imn claim 25, wherein the securing a hemispherical mold over the at least one light
disposing of the light-transmissive generally conformal shell emitting chip and over the footprint portion of the
over the light-transmissive encapsulant 1s performed after board,
the disposing of the light-transmissive encapsulant over the injecting a tlowable material into the secured hemispher-
at least one light emitting chip and over the footprint portion cal mold, the flowable material hardening in the mold
of the board. to define the light-transmissive encapsulant; and

27. The method as set forth in claim 26, wherein the removing the hemispherical mold, the hardened light-

transmissive encapsulant remaining attached to the

disposing of the light-transmissive encapsulant over the at :
POSTAZ % b board after the removing.

least one light emitting chip and over the footprint portion of
the board comprises: £ % % k%
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